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We investigate the Higgs-Yukawa system with Majorana masses of a fermion within asymptoti-
cally safe quantum gravity. Using the functional renormalization group method we derive the beta
functions of the Majorana masses and the Yukawa coupling constant and discuss the possibility of
a non-trivial fixed point for the Yukawa coupling constant. For a certain value of the gravitational
coupling constants and the Majorana masses, the Yukawa coupling constant has a non-trivial fixed
point value and becomes an irrelevant parameter being thus a prediction of the theory. We also dis-
cuss consequences due to the Majorana mass terms to the running of the quartic coupling constant
in the scalar sector.
I. INTRODUCTION
The formulation of a consistent theory which fundamentally describes the quantum fluctuations of gravitational
degrees of freedom is still an open issue in theoretical physics. Different approaches to this problem based on different
theoretical assumptions are being developed and each of them has internal challenges to be handled. Notably, the
quantization of General Relativity within the standard perturbative quantum field-theoretic framework leads to a
perturbatively non-renormalizable quantum theory. Among several different possibilities to circumvent this issue,
Asymptotic Safety is one route which stays within the continuum quantum field theory realm, but goes beyond the
standard perturbative paradigm [1–10].
In this approach, a fundamental quantum theory of gravity could be realized thanks to the existence of a non-trivial
ultraviolet (UV) fixed point in the renormalization group flow. At this fixed point, the theory becomes scale invariant
[11] and one is allowed to zoom in up to arbitrarily short distances without running into divergences. Being an
interacting fixed point, the counting of relevant directions in theory space, i.e., the number of free parameters to be
fixed by experiments is not controlled by the canonical dimensionality of the corresponding couplings. By integrating
out quantum fluctuations, all terms compatible with the symmetries of the underlying theory will be generated in the
quantum effective action yielding an infinite-dimensional theory space. For the theory to be predictive, the number of
relevant parameters should be finite. Since one looks for an interacting fixed point, its discovery might not be feasible
within perturbation theory and new techniques might be necessary. Thus, an asymptotically safe quantum theory of
gravity relies on the existence of a non-trivial UV fixed point which features finitely many relevant directions.
The first evidence for the existence of the aforementioned non-trivial fixed point was found with the ǫ-expansion
method in 2+ ǫ dimensions [1, 12]. However, in order to establish the existence of the fixed point in four dimensions,
other methods are necessary. One possibility is to regularize the path integral for quantum gravity by lattice methods
and systematically look for a suitable fixed point which allows for a continuum limit which resembles our universe,
see, e.g., [13, 14]. In the asymptotic safety program, most evidence for the existence of a non-trivial fixed point were
obtained with the functional renormalization group (FRG), see [15–24] for reviews. This was pioneered by Reuter
in [25] where a UV fixed point was found using the FRG within the Einstein–Hilbert truncation for the effective
average action, a scale-dependent action which takes into account the integration of quantum fluctuations up to some
scale k. Several subsequent works, employing more sophisticated approximations provided compelling support for
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2the existence of such the Reuter fixed point, see, e.g., [26–50]. Remarkably, the existence of the UV fixed point has
shown to be preserved against the introduction of Standard Model (SM) matter degrees of freedom, hinting to a
fundamental theory of quantum gravity which is compatible with the observed SM particles, see [9, 51–78]. Moreover,
many different works have provided evidence for a saturation on the number of relevant directions associated to the
Reuter fixed point, ensuring thus, predictivity [30, 31, 35, 38, 42, 44, 45, 49, 50, 67, 79–81]. This underpins the quest
for a quantum theory of gravity by using continuum quantum field theory methods.
Within the asymptotic safety scenario, coupling matter degrees of freedom to (quantum) gravity is straightforward.
This allows for a rich interplay between the effects of matter fluctuations into gravitational running couplings and the
reverse. In particular, this opens the possibility to test whether quantum gravitational effects allow for the resolution of
long-standing problems as, e.g., the triviality problem in the SM, see [82–84]. Having a fundamental theory of gravity
and matter valid up to arbitrarily short distances also leads to an enhancement of predictivity. In fact, the fixed point
structure as well as the assumption that the SM holds up all the way until the Planck scale leads to a prediction
of the Higgs mass to be mH = 126GeV for the top quark mass mt = 171GeV, see [78, 85]. This happens thanks
to its quantum-gravity induced irrelevance, being thus a prediction and not a free parameter of the theory. Recent
works [84, 86, 87] have managed to successfully explain observed quantities in the low energy regimes by assuming the
existence of the asymptotically safe fixed point for gravity-matter systems. Furthermore, asymptotically safe quantum
gravity might be able to provide solutions for important problems in both particle physics and cosmology such as the
gauge hierarchy problem [88] and the cosmological constant problem [89].
So far, the SM has shown to be consistent with results from the collider experiments up to the TeV scale, and no
signal of new physics has appeared. This might be taken as a strong indication that, possibly, the SM is not drastically
modified up to very high energy scales as the Planck scale. However, the SM does not account for dark matter. Many
different models to extend the SM consistently with dark matter observations were developed in the last years. Very
much like previously discussed, one can investigate if quantum-gravity effects play a relevant role in the description
of dark matter phenomenology, see, e.g. [73]. This allows for low-energy consistency checks of the asymptotic safety
scenario.
Another very important issue which is not accommodated in the SM is the (very tiny) neutrino mass. A standing
out mechanism which describes the tiny mass for the left-handed neutrino while explains why a right-handed neutrino
although necessary to be existent is not easily detected is the so-called seesaw mechanism [90–93]. Such a mechanism
is grounded on the introduction of a right-handed neutrino with a Majorana mass term which couples to the left-
handed neutrino and the Higgs through a Yukawa interaction. Schematically, after spontaneous symmetry breaking,
a Dirac mass term is generated and the balance between the Majorana mass parameter and the Dirac term allows for
the assignment of a very large mass to the right-handed sector while the left-handed is very light.
In the present work, we aim at giving the first steps to investigate the quantum-gravity fluctuations effects to
the seesaw mechanism. To pave the way for such understanding, we consider a toy Higgs-Yukawa system with one
scalar and one Dirac fermion coupled to gravity. Different Majorana mass terms are introduced for the right- and
left-handed components of the fermion. On top of that, right- and left-handed components interact with the scalar
field via a Yukawa coupling. Beta functions for the Majorana masses and Yukawa coupling are computed taking into
account quantum gravity effects with the FRG. Assuming the existence of a non-trivial fixed point for the gravitational
couplings, we investigate the consequences to the masses and Yukawa coupling. In particular, regarding the critical
exponent of the Yukawa coupling as a function of the Majorana masses and gravitational couplings we investigate the
dependence of its sign on these parameters. We classify possible scenarios in low energy regimes as a consequence
of asymptotically safe gravity. The impact of a non-trivial fixed point of the Yukawa coupling on the quartic scalar
coupling is also discussed. Assuming that the system analyzed in this paper is associated with a simple toy model of
the SM, the quartic scalar coupling at the Planck scale receives a finite correction from a fermion with the Majorana
masses. This means that the prediction for the central value of the Higgs mass at the electroweak scale could be
modified. The present work might be viewed as a stepping stone towards the more realistic system which takes into
account all the SM properties.
This paper is organized as follow: In Section II, we introduce the key concepts of the FRG and the toy model that
we will investigate. Our results are collected in Section III. Section IV is dedicated to discussions and perspectives.
Conventions and computational details are presented in the appendices.
II. METHOD AND MODEL
A. Functional renormalization group
In order to extract the effects of quantum-gravity fluctuations to the running of masses and Yukawa coupling (as well
as the impact of matter fluctuations to gravitational couplings), we use the FRG. Its central object is the effective
3average action Γk. The parameter k acts as an infrared cutoff and Γk is obtained by integrating out modes with
momenta larger than k. Lowering k corresponds to integrate more and more momentum shells in the Wilsonian sense.
The change of Γk with k is described by the Wetterich equation [94],
∂tΓk =
1
2
STr
[(
Γ
(2)
k +Rk
)−1
∂tRk
]
, (1)
where ∂t denotes the derivative with respect to t = log(k/k0) (with a reference cutoff k0), Rk is a cutoff function,
which suppress all modes with momenta smaller than k, (Γ
(2)
k + Rk)
−1 is the regularized full propagator, and STr
stands for the supertrace acting on all internal as well as spacetime indices and carries an appropriate numerical
factor depending on the nature of the field. The Wetterich equation (1) has a one-loop exact form, a fact that greatly
simplifies practical calculations. For some reviews about the Wetterich equation, we refer to [15–24].
In general, the effective action Γk is expanded as,
Γk =
∑
i
gi(k)Oi(φ) , (2)
where gi are the dimensionful coupling constants and Oi denote operators of the local fields φ. Using the Wetterich
equation and expanding its right-hand side on the same {Oi} basis, one is able to read off the beta functions for the
couplings. They have the following structure,
∂tg˜i = βi(g˜) = −dig˜i + Fi(g˜) , (3)
where g˜i = k
−digi is the dimensionless coupling constant and di is the canonical dimension of gi. The first term on the
right-hand side of the equation (3) is the canonical scaling term, associated with the dimensionality of the coupling
and Fi(g) corresponds to quantum corrections. Here, let us assume that the system has a fixed point g˜
∗ = {g˜∗1 , g˜∗2 , . . .}
at which the beta functions vanish: βi(g˜
∗) = 0 for all i. We linearize the RG equation (3) around the fixed point,
∂tg˜i ≃
∑
j
∂βi(g˜)
∂g˜j
∣∣∣∣
g˜=g˜∗
(g˜j − g˜j) =: −
∑
j
Tij(g˜j − g˜j). (4)
These equations can be diagonalized and trivially solved. The eigenvalues of T , here denoted by θi, correspond to the
critical exponents associated to the fixed point. In our notation, positive θi are relevant directions in the RG sense.
The number of relevant directions dictates how many free parameters the theory features. That is, a theory with
less relevant directions is more predictive. For the Gaussian (trivial) fixed point g˜∗ = 0 the critical exponents are
given by θi ≃ di and the coupling constants with di > 0, i.e., the power-counting renormalizable ones, are relevant.
In contrast, if the theory has a non-trivial fixed point g˜∗ 6= 0, the critical exponents are θi ≃ di − ∂F/∂g˜i|g˜=g˜∗ . We
see that the contribution from the loop correction ∂F/∂g˜i|g˜=g˜∗ typically does not vanish at a non-trivial fixed point
leading to a non-canonical scaling. Such non-trivial dynamics can drive canonically irrelevant/relevant coupling into
relevant/irrelevant ones. In the case where relevant couplings turn to irrelevant ones, the predictivity power of the
theory is enhanced.
B. Setting the truncation
Our goal is to compute the system of beta functions for a Higgs-Yukawa model with a Majorana mass term coupled
to gravity. In order to apply the FRG, we make use of the background field method. In practice, we linearly split the
metric1 into a background metric g¯µν and fluctuation hµν ,
gµν = g¯µν + hµν . (5)
Hereafter indices are raised and lowered by the background (inverse) metric.
We investigate the following truncated effective average action,
Γk = Γ
gravity
k + Γ
matter
k , (6)
1 For a discussion of different choices for the parametrization of the quantum fluctuations, see [41, 81, 95–98].
4where the gravity sector is given by
Γgravityk [g] =
1
16πG
∫
d4x
√
g
[
2Λ−R+ aR2 + bRµνRµν
]
+ Sgf + Sgh . (7)
Here, G and Λ, respectively, correspond to the Newton and cosmological constants, a and b denote higher curvature
couplings, and Sgf and Sgh are the gauge fixing and Faddeev-Popov ghosts actions
2 written as
Sgf =
1
32παG
∫
d4x
√
g¯ g¯µνFµFν , (8a)
Sgh = −
∫
d4x
√
g¯ C¯µ
[
g¯µν¯+
1− β
2
∇¯µ∇¯ν + R¯µν
]
Cν , (8b)
with Fµ := ∇¯νhνµ − β+14 ∇¯µh being the standard gauge condition. Here, ∇¯µ denotes the covariant derivative with
respect to the background, ¯ = ∇¯2 is the d’Alembertian. In addition, h := g¯µνhµν is the trace of hµν ; Cµ and C¯µ are
the ghost and anti-ghost fields, respectively; and α and β are dimensionless gauge parameters. For the matter sector,
we consider the following action,
Γmatterk =
∫
d4x
√
g
[
Zψψ¯ /Dψ +
1
2
(
mRM ψ¯
cPRψ +m
L
M ψ¯
cPLψ + h.c.
)
+ yDφψ¯ψ +
Zφ
2
(∂µφ)
2 + V
(
φ2
) ]
, (9)
where V
(
φ2
)
is the scalar potential with Z2 (φ→ −φ) symmetry and Zφ,ψ are field renormalization factors of scalar
and fermion fields, respectively, and contribute to the beta functions through the anomalous dimensions expressed as
ηφ = −∂tZφ
Zφ
, ηψ = −∂tZψ
Zψ
. (10)
Here, /D = γµDµ is the Dirac operator and satisfies − /D2 = −D2 + R¯/4; ψc is the charge conjugated spinor field,
namely, ψc = Cψ¯T ; PL = (1−γ5)/2, PR = (1+γ5)/2 are the chiral projection operators. We refer to Appendix A for
further conventions. The effective action (6) has the discrete γ5-symmetry, i.e., ψ → γ5ψ, ψ¯ → −ψ¯γ5 and φ → −φ,
and then the Dirac mass term ψ¯ψ and the Majorana-Yukawa terms φψ¯cPR,Lψ + h.c. are forbidden, whereas the
Majorana mass term is not. Indeed, even if we put mLM = 0 and m
R
M 6= 0 at some scale, quantum effects induce
a finite mLM as we will see in (26). We also impose the CP invariance which prohibits the term φψ¯γ
5ψ. The CP
invariance also makes the parameters mRm and m
L
m to be real ones. It follows that the Hermitian conjugate of the
Majorana mass term is mRM ψ¯PLψ
c +mLM ψ¯PRψ
c.
In this work, since we employ a simple model where a neutral fermion interacts with a scalar-field singlet, both the
left-and right-handed fermion fields can have Majorana mass terms. Note however that the left-handed neutrino is a
component in the lepton-doublet field involving a hypercharged particle in the SM, so that the Majorana mass term
for the doublet field cannot be admitted in the SM before the electroweak symmetry breaking.
C. York decomposition
For the fluctuation field hµν and the ghost fields, the York decomposition [99] is employed,
hµν = h
TT
µν + ∇¯µξν + ∇¯νξµ +
(
∇¯µ∇¯ν − 1
4
g¯µν¯
)
σ +
1
4
g¯µνh, (11)
and
Cµ = C
T
µ + ∇¯µC, C¯µ = C¯Tµ + ∇¯µC¯, (12)
2 We have alaready restricted the Faddeev-Popov operator to the background metric. This is enough for our purposes in this work.
5where hTT is transverse and traceless (TT) tensor field with spin 2, i.e., ∇¯µhTTµν = 0 and g¯µνhTTµν = 0; ξµ is the
transverse vector field with spin 1, i.e., ∇¯µξµ = 0; and σ and h := g¯µνhµν are the scalar fields with spin 0, C and C¯
are spin-0 scalar ghost fields, and CTµ and C¯
T
µ are spin-1 transverse vector ghost fields that satisfy ∇¯µCTµ = ∇¯µC¯Tµ = 0.
Such decompositions entail the following Jacobian in the path integral measure:
J =
[
det′(1)
(
−¯− R¯
4
)]1/2{
det′′(0)
[
−¯
(
−¯− R¯
3
)]}1/2 [
det′(0)(−¯)
]−1
, (13)
where the primes indicate that the first or the first two eigenvalues are removed from the determinant. Although
this Jacobian can be absorbed by redefining the fields ξµ, σ, C¯ and C, here we take these contributions into account
in the flow equation without any field redefinitions. This can be done by regularizing the Jacobian with the usual
prescription −¯ 7→ Pk(−¯) = −¯ + Rk(−¯). In this framework, we can easily verify that the Jacobian gives the
following contributions to the flow equation
−1
2
Tr ′(1T)
[
∂tPk
Pk − R¯/4
]
− 1
2
Tr ′′(0)
[
∂tPk
(
2Pk − R¯/3
)
Pk
(
Pk − R¯/3
)
]
+Tr ′(0)
[
∂tPk
Pk
]
. (14)
D. Computing beta functions
In this subsection, we present the basic strategy to calculate the beta functions. In the present work we use the
gauge choice β = 0 and α → 0, for which a considerable simplification in the flow equations happens. As discussed
in Appendix B, for this gauge choice, the σ mode in the York decomposition (11) is decoupled from the mixing with
the other spin-0 scalar modes (h and ϕ - with ϕ being the quantum fluctuation of the scalar field about a fixed
background configuration). For the system (6) with the York decompositions (11), (12) and this gauge choice, the
Wetterich equation (1) reads
∂tΓk =
1
2
Tr (2TT)
[
GTT ∂tR
TT
k
]
+
1
2
Tr (0)
[
GSS ∂tR
SS
k
]
− 1
2
Tr (1/2)
[
GΨΨ ∂tR
ΨΨ
k
]
+∆T(1) +∆T(0)+
+
1
2
Tr (0)
[
Γ
(2)
SΨGΨΨ Γ
(2)
ΨSGSS ∂tR
SS
k GSS
]
− 1
2
Tr (1/2)
[
Γ
(2)
ΨSGSS Γ
(2)
SΨGΨΨ ∂tR
ΨΨ
k GΨΨ
]
, (15)
where the first term on the right-hand side is the contribution from the TT graviton mode; the subscription “SS”
denotes contributions from ϕ and h; the contributions from the fermion-loop corresponds to the third term; ∆T(1) and
∆T(0) are the spin-1 vectors (ξµ, C⊥µ and the spin-1 contributions from the Jacobians) and the spin-0 scalars (σ, C
and the spin-0 contributions from the Jacobians), respectively; and the last two terms are contributions from mixings
between bosonic and fermionic degrees of freedom. The quantities GΦiΦj represent the regularized full propagator of
the fields Φi and Φj. For more details on the structure of the flow equation, see Appendix C. In what follows, it is
convenient to rewrite the flow equation as
∂tΓk = T(2TT) + T(1T) + T(0) + T(1/2) + Tmixed, (16)
where the contributions T ’s are given by
T(2TT) =
1
2
Tr (2TT)
[
GTT ∂tR
TT
k
]
, T(1/2) = −
1
2
Tr
[
GΨΨ ∂tR
ΨΨ
k
]
,
T(0) =
1
2
Tr (0)
[
GSS ∂tR
SS
k
]
+∆T(0) , T(1T) = ∆T(1T) ,
Tmixed = 1
2
Tr (0)
[
Γ
(2)
SΨGΨΨ Γ
(2)
ΨSGSS ∂tR
SS
k GSS
]
− 1
2
Tr (1/2)
[
Γ
(2)
ΨSGSS Γ
(2)
SΨGΨΨ ∂tR
ΨΨ
k GΨΨ
]
. (17)
Their derivations and the explicit form of ∆T(1T) and ∆T(0) are shown in Appendix C. Here, the subscripts on the
trace stand for the spin of the corresponding fluctuation. For explicit computations, the Hessians associated with
the present truncation, which are necessary to compute the right-hand side of (16), are listed in Appendix B. The
results presented in this paper are computed in the background approximation, where we set the metric fluctuation
to zero in the flow equation after computing the Hessians. In this work we used Litim’s optimized profile function
(see Appendix B) [100]. We use the Type-I optimized cutoff (z = −¯) in order to compute T(2), T(1) and T(0), while
6for the spin 1/2, we employ the Type-II choice (z = −¯ + R¯/4 ≡ − /D2) in order to have the correct sign for the
fermionic contributions to the Newton coupling constant [101]. The computation of Tmixed is performed around flat
background, in such a case both the Type-I and -II cutoff choices collapses to z = −∂2.
In order to extract beta functions from the Wetterich equation, we can project (16) in different sectors of interest.
For the gravitational couplings, the projection consists in setting all matter fields to zero. In such a case, we can
easily verify that Tmixed does not give any contribution. Substituting our truncation in the left-hand side of (16), we
find
1
16πG
∫
d4x
√
g¯
[
2 (∂tΛ + ηG Λ)− ηG R¯+ (ηG a+ ∂ta) R¯2+
+(ηG b+ ∂tb) R¯µνR¯
µν
]
=
[T(2TT) + T(1T) + T(0) + T(1/2)]Proj. Gravity , (18)
where ηG = −G−1∂tG. In terms of the dimensionless quantities, the last equation can be rewritten in the following
way
k4
16πG˜
∫
d4x
√
g¯
[
2Λ˜
(
Λ˜−1βΛ − G˜−1βG + 4
)
+
(
G˜−1βG − 2
)
R¯+
(
βa − G˜−1 a˜ βG
)
R¯2+
+
(
βb − G˜−1 b˜ βG
)
R¯µνR¯
µν
]
=
[T(2TT) + T(1T) + T(0) + T(1/2)]Proj. Gravity , (19)
where Λ˜ = k−2Λ, G˜ = k2G, a˜ = k2a and b˜ = k2b are dimensionless couplings. In addition, we define the beta function
of the dimensionless couplings as βΛ = ∂tΛ˜, βG = ∂tG˜, βa = ∂ta˜ and βb = ∂tb˜. By expanding the left-hand side of the
above equation eq. (19) in powers of curvature invariants, we can compute beta functions by matching the coefficients
of the same invariants.
In order to project the flow equation to the scalar field potential, we set the curvature terms and the fermionic
fields to zero. In this case, we only have contributions coming from T(2TT), T(0) and T(1/2). Then, the flow equation
takes the form ∫
d4x
√
g¯ ∂tV (φ
2) =
[T(2TT) + T(0) + T(1/2)]Proj. Scalar . (20)
Defining the renormalized field φ˜ = Z
1/2
φ φ, where Zφ denotes the wave function renormalization, the flow equation
for the scalar potential can be recast in the following way∫
d4x
√
g¯
(
∂tV˜ (φ˜
2) + 4V˜ (φ˜)− ηφ φ˜2 V˜ ′(φ˜2)
)
= k−4
[T(2TT) + T(0) + T(1/2)]Proj. Scalar= 0 , (21)
where V˜ (φ˜2) = V (φ2)/k4 denotes the dimensionless scalar potential. Expanding the dimensionful scalar potential as
V (φ2) =
∑∞
n=1 λ2n φ
2n, the corresponding dimensionless potential is given by V˜ (φ˜2) =
∑∞
n=1 k
4−2n λ˜2nφ˜
2n, where we
have defined the dimensionless couplings as λ˜2n = k
2n−4Z−nφ λ2n and the renormalized scalar field is φ˜ = Z
1/2
φ φ. By
expanding both sides of (21) as a power series in φ˜2, we can extract beta functions for the dimensionless coupling
constants.
Finally, in order to compute beta functions for the Majorana masses and the Yukawa coupling, we set the curvature
terms to zero and the matter fields to constant configurations. Also, we discard all contributions of order O(φ˜2) or
higher. Implementing such projections, the beta function associated with the Majorana Right (Left) mass can be
extracted by keeping only those terms proportional to ψ¯cPR(L)ψ+h.c., while the running of the Yukawa coupling can
read from those terms proportional to φ ψ¯ψ. We have∫
d4x
√
g¯
[
∂tm
R(L)
M (ψ¯
cPR(L)ψ + h.c.)
]
=
[T(2TT) + T(0) + Tmixed]Proj. Maj. Right (Left) , (22)
and ∫
d4x
√
g¯ ∂tyD φ ψ¯ψ =
[T(2TT) + T(0) + Tmixed]Proj. Yukawa . (23)
In terms of renormalized fields φ˜ = Z
1/2
φ φ, ψ˜ = Z
1/2
ψ ψ and
˜¯ψ = Z
1/2
ψ ψ¯, we define dimensionless couplings y˜D =
Z
−1/2
φ Z
−1
ψ yD and m˜
R(L)
M = k
−1Z−1ψ m
R(L)
M so that(
β
m
R(L)
M
+(1− ηψ)m˜R(L)M
)∫
d4x
√
g¯
[
˜¯ψ
c
PR(L)ψ˜ + h.c.
]
= k−1Z−1ψ
[T(2TT) + T(0) + Tmixed]Proj. Maj. Right (Left) , (24)
7and [
βy −
(
ηψ +
1
2
ηφ
)
y˜D
] ∫
d4x
√
g¯ φ˜ ˜¯ψψ˜ = Z−1ψ Z
−1/2
φ
[T(2TT) + T(0) + Tmixed]Proj. Yukawa , (25)
where we have defined the beta functions βmR
M
= ∂tm˜
R
M , βmLM = ∂tm˜
L
M and βy = y˜D. The r.h.s. of the (24) and (25)
can be organized in terms of diagrams as one can see in Figs. 6 and 7.
III. RESULTS
A. Contributions from graviton fluctuations on the Majorana masses
Let us start from the discussion on the impact of quantum gravity fluctuations on the running of the Majorana
masses. From the results reported in the Appendix D we observe that the beta function of the left-handed Majorana
mass has the following structure
βmL
M
= (−1 + ηψ)m˜LM +
(A1,Lm˜LM +A3,L(m˜LM )3 )G˜+My2,L y˜2Dm˜RM , (26)
where A1,L, A3,L and My2,L are computed in terms of threshold functions (see Appendix D). The beta function for
the right-handed Majorana mass can be obtained by exchanging L ↔ R in the above expression. For the sake of
simplicity, we will not take into account effects coming from the fermionic anomalous dimension in our discussion.
From the perspective of asymptotically safe quantum gravity our goal is to understand whether the running of the
Majorana masses is compatible with an UV complete setting. In this framework, we have some interesting possibilities:
i) UV fixed point with m˜RM = m˜
L
M = 0;
ii) UV fixed point with m˜RM = 0 and m˜
L
M 6= 0 (or m˜RM 6= 0 and m˜LM = 0);
iii) UV fixed point with m˜RM 6= 0 and m˜LM 6= 0.
Let us focus on the first scenario. In this case it is straightforward to see that m˜RM = m˜
L
M = 0 is a fixed point
of the subsystem βmL
M
= 0 and βmR
M
= 0, irrespective of the values of the gravitational couplings. In the absence
of gravity the critical exponents associated with this fixed point correspond to the canonical scaling dimension of
the Majorana masses and, therefore, are positive. If we take quantum gravity fluctuations into account, the critical
exponents associated with Majorana masses are given by
θM1 = 1−A1G˜∗ −
1
8π2
y˜∗2D and θ
M
2 = 1−A1G˜∗ +
1
8π2
y˜∗2D , (27)
where A1 = A1,L|m˜L
M
=0 = A1,R|m˜R
M
=0 and we have used My2,L|m˜R
M
=0 =My2,R|m˜L
M
=0 = (8π
2)−1. Moreover, G˜∗ and
y˜∗D correspond, respectively, to the values of the dimensionless Newton’s constant and the Yukawa coupling at the
fixed point. The relevant question here is whether quantum gravity contributions could change the sign of the critical
exponents, driving (one of) them towards irrelevance. In order to answer this question we first note that, at the fixed
point with m˜RM = m˜
L
M = 0, we can express A1 = D∗y (see Appendix D for the definition of Dy). As we shall see in the
next section, the viability of UV completion in the Yukawa sector requires D∗y < 0. We first explore a scenario with
y˜∗D = 0. In this case the critical exponents for the Majorana masses become
θM1 = θ
M
2 = 1−D∗y G˜∗ , (with y˜∗D = 0). (28)
In the case of a fixed point with non-vanishing Yukawa coupling we have y∗D =
√
−8π2 G˜∗ D˜∗y (see section III B) and,
as a consequence, we find the following critical exponents
θM1 = 1 and θ
M
2 = 1− 2D∗y G˜∗ (with y˜∗D 6= 0). (29)
Assuming G˜∗ > 0, the requirement D∗y < 0, which is necessary for UV completion in the Yukawa sector, restricts
the space of viable fixed point values in such a way that the critical exponents for the Majorana masses (at the
fixed point value characterized m˜RM = m˜
L
M = 0) remains positive after the inclusion of quantum gravity effects. This
is the simplest (non-trivial) UV complete extension of a Higgs-Yukawa model incorporating Majorana masses. If
θM1,2 < 0 due to quantum gravity fluctuations, the flow of the Majorana masses would be trivial. In summary, for the
8possibility (i), demanding a UV-complete Yukawa sector necessarily implies that the Majorana masses will be relevant
parameters even at non-trivial values for the other couplings fixed-point values.
The analysis regarding the possibility of the fixed points (ii) and (iii) is more complicated. In this case the fixed
point equations are more involved due to non-polynomial dependence on the Majorana masses and, as consequence,
there is no simple criteria to probe the existence of such fixed points analytically. In the Appendix E we have shown
the possibility of finding numerical solutions corresponding to fixed points in these classes. Instead of looking for
further numerical solutions, in the next section we assume the existence of fixed point solutions featuring m˜RM 6= 0
and/or m˜LM 6= 0 and investigate their consequences to the viability of UV completion for the Higgs-Yukawa sector as
well as in the predictability of the Higgs mass in the framework of asymptotically safe quantum gravity.
B. Impact of Majorana masses on the Higgs-Yukawa couplings
A fruitful strategy to probe quantum gravity induced effects in the UV regime of the matter sector is to treat
the fixed points values of the gravitational couplings as free parameters in the beta functions associated with matter
couplings. This approach allows us to explore the viability of quantum gravity induced UV completion and predictive
RG trajectories for the matter sector [69]. Although the computation of beta functions associated with the matter
sector involves a given truncation for the effective average action, this strategy gives information beyond a specific
choice of truncation, since the values for the gravitational coupling at the fixed points are not restricted by the
chosen approximation. Nevertheless, in Appendix E, we show results for fixed point values and critical exponents in
a maximally symmetric background. In the present section, we adopt the same reasoning in order to investigate the
impact of Majorana masses on Yukawa-Higgs systems in the UV regime. Moreover, we treat the fixed point values
of the Majorana masses as free parameters and analyze their impact to the beta functions of the Yukawa and λ4φ
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interactions.
We start by discussing the fixed point scenarios for the Yukawa sector. As discussed in the recent literature,
quantum gravity fluctuations play an important role in the running of the Yukawa coupling, leading to an interesting
phenomenological scenario with the prediction of the top quark mass [102], as well as, top-bottom mass difference [87].
The beta function of the Yukawa coupling has the following structure,
βy =
(ηφ
2
+ ηψ
)
y˜D +
(
Dy +Dy,λ2 λ˜2 +D(1)y,M (m˜LM + m˜RM )2 +D(2)y,M m˜RMm˜LM
)
G˜ y˜D +My3 y˜3D , (30)
where we define the Dy’s andMy3 in terms of threshold functions (see Appendix D). In order to simplify our analysis,
we consider some additional approximations: i) we neglect contributions coming from the anomalous dimension; ii)
we assume the Gaussian fixed point value for λ˜2. Taking these approximations into account, the beta function for the
Yukawa coupling constant reads
βy = D˜y G˜ y˜D +My3 y˜3D, (31)
where D˜y = Dy +D(1)y,M (m˜LM + m˜RM )2 +D(2)y,M m˜RMm˜LM . Following the discussion presented in reference [69], there are
two possibilities for quantum gravity induced UV completion in the Yukawa sector. The first one is the Yukawa-free
fixed point, i.e., y˜∗D = 0. In this case, the critical exponent associated with the Yukawa coupling constant is given by
θy ≃ −
(
∂βy
∂y˜D
)
∗
= −D˜∗y G˜ ∗ , (32)
where the notation (· · · )∗ indicates that the stability matrix is evaluated at the fixed point. Assuming G˜ ∗ > 0, we
conclude that the Yukawa coupling becomes a relevant direction (θy > 0) provided that
3 D˜∗y < 0. This is the case of
asymptotically free UV completion for the Yukawa sector.
The second scenario for Yukawa UV completion is characterized by an interacting fixed point induced by quantum
gravity contributions, namely
y˜∗D =
√
−G˜∗ D˜∗y /M∗y3 . (33)
3 The possibility y˜∗
D
= 0 and θy < 0 trivializes the Yukawa flow and, therefore, is not interesting from the physical point of view.
9FIG. 1: Sign of My3 as a function of the Majorana masses. The green (darker) region correspond to My3 > 0, while the
orange (brighter) region indicatesMy3 < 0.
The existence of such a fixed point is subject, of course, to the positivity of the square root argument. For small
values of the Majorana masses at the fixed point, as we shall see later, it is possible to verify that M∗y3 > 0 and,
therefore, the condition for existence of this fixed point is given by D˜∗y < 0. More generally, the viability condition
for such a scenario is given by D˜∗y/M∗y3 < 0. The critical exponent associated with this fixed point reads
θy ≃ −
(
∂βy
∂y˜D
)
∗
= 2 D˜∗y G˜∗ . (34)
If M∗y3 > 0, the existence of the fixed point (33) is subject to D˜∗y < 0, implying θy < 0 (UV repulsive fixed point).
Such a scenario is particularly interesting since the requirement of UV completion allows us to make predictions in
the IR regime [69]. On the other hand, if M∗y3 < 0, which can achieved for large values of the Majorana masses at
the fixed point, the viability condition requires D˜∗y > 0, resulting in θy > 0 (UV attractive fixed point), so that the
Yukawa coupling remains a free parameter.
It is interesting to analyze the behavior of D˜y andMy3 as a function of the Majorana masses and the gravitational
parameters. For the sake of simplicity, let us start with the TT-approximation, namely, we take only the TT graviton
effects into account. In this case we have
D˜y = 5 (2 + 3b˜)
4π (1 + b˜− 2Λ˜)2 . (35)
The My3 term, which only receives contributions from matter fluctuations, is given by
My3 =
2 + (m˜RM − m˜LM )2 − m˜RM m˜LM
(
1 + 2 (m˜RM )
2 + 2 (m˜LM )
2 + (m˜RM )
2(m˜LM )
2
)
16π2(1 + (m˜RM )
2)(1 + (m˜LM )
2)
. (36)
Within the TT-approximation, the sign of D˜y is completely determined by the value of the gravitational coupling b˜,
namely, D˜y < 0 for b˜ < −2/3 and D˜y > 0 for b˜ > −2/3. The sign of My3 as a functions of the Majorana masses is
depicted in Fig. 1. It can be roughly approximated by My3 > 0 for m˜RMm˜LM . 1/2 and My3 < 0 for m˜RMm˜LM & 1/2.
It is interesting to observe that if we set one of the Majorana masses to zero,My3 remains positive even for arbitrary
large values of the other Majorana mass.
Beyond the TT-approximation the situation is more complicated, since D˜y depends on the parameters a˜, b˜, Λ˜, m˜RM
and m˜LM (see Appendix D for explicit expressions). We start investigating its behavior by looking at the (a˜, b˜)-plane.
In the panel exhibited in Fig. 2, we show the sign of D˜y/My3 as a function of a˜ and b˜, for some fixed values of
the Majorana masses. As one can observe, as long as the Majorana masses respect the inequality m˜RMm˜
L
M . 1/2
the viable region for the UV completion of the Yukawa sector remains qualitatively unchanged. On the other hand,
for m˜RMm˜
L
M & 1/2, there is a significant qualitative change of behavior, produced by the flip of sign in My3 . It
is important to emphasize that in all cases the sign of D˜y does not feature important qualitative changes due to
variations of the Majorana masses.
Those plots represented in Fig. 2 are generated by setting the (dimensionless) cosmological constant to zero. It is
interesting to investigate the case of non-vanishing cosmological constant combined with effects of Majorana masses.
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FIG. 2: Region plots indicating the sign D˜y/My3 as function of of the curvature squared couplings (a˜ and b˜). In all cases we
consider the dimensionless cosmological constant as being zero. Different plots correspond to different choices of the Majorana
masses. The green (darker) region correspond to D˜y/My3 < 0, while the orange (brighter) region indicates D˜y/My3 >. The
mesh lines stand for the region constrained only by D˜y < 0. The dashed lines indicate the poles 1 + b˜ = 0 and 1− 6a˜− 2b˜ = 0.
FIG. 3: Region plots showing the sign of D˜y/My3 (with a˜ = b˜ = 0) in terms of Λ˜ and the Majorana masses. The plot on
the left we consider both Majorana masses as being equal (m˜M := m˜
R
M = m˜
L
M ) and the plot on the right correspond to the
situation where one of the masses is zero (m˜LM = 0). The green (darker) region correspond to D˜y/My3 < 0, while the orange
(brighter) region indicates D˜y/My3 > 0. The mesh lines stand for the region constrained only by D˜y < 0.
The left panel of Fig. 3 shows the sign of D˜y/My3 in the plane (Λ˜, m˜M ), where m˜M := m˜RM = m˜LM , while in the
right-hand side panel of Fig. 3 we show the case where one of the Majorana masses is set to zero (namely, m˜LM = 0).
For both cases we set a˜ = b˜ = 0.
In order to complement the analysis for non-vanishing cosmological constant, in Fig. 4, we present the resulting
sign of D˜y/My3 as a functions of Λ˜ and b˜ for some choices of the Majorana masses. These plots were generated
with the choice a˜ = −0.5 in order to avoid regions close to the pole associated with the spin-0 sector of the graviton
propagator. This choice can be justified by observing that far away from the spin-0 pole the sign of D˜y/My3 is not
affected by the variation of the parameter a˜.
The collection of plots presented in this section allows us to extract important information about the viability of
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FIG. 4: Sign of D˜y/My3 on the (Λ˜, b˜) plane with a˜ = −0.5. Different plots correspond to different choices of the Majorana
masses. The green (darker) region correspond to D˜y/My3 < 0, while the orange (brighter) region indicates D˜y/My3 >. The
mesh lines stand for the region constrained only by D˜y < 0. The dashed line indicates the pole 1+ b˜− 2Λ˜ = 0 coming from the
TT-propagator.
UV completion for the Yukawa sector. Let us start from the possibility of an asymptotically free Yukawa sector. As
discussed earlier, such a scenario correspond to D˜y < 0 (meshed regions in Figs. 2, 3 and 4) at the fixed point. The
analysis on the plane (a˜, b˜) (with Λ˜ = 0) – Fig. 2 – show that variations of m˜RM and m˜
L
M have a weak effect in the sign
of D˜y, indicating that the viability for asymptotically free UV completion as a function of higher curvature parameters
is not qualitatively affected by Majorana masses. In terms of the cosmological constant, however, the inclusion of
Majorana masses plays a more interesting role. As one can see from Fig. 3, the largest possible value of Λ˜ which entails
an asymptotically free UV completion depends on the Majorana masses. For large values of the m˜RM and m˜
L
M , the
critical value for the cosmological constant becomes more negative. In particular, the case m˜RM = m˜
L
M ≡ m˜M (Fig. 3
- left) has an upper bound around m˜M ≃ 1.5, in such a way that above this value we cannot have asymptotically
free UV completion for the Yukawa sector. We note that the existence of such an upper bound was also verified for
some – but not all – non-vanishing a˜ and b˜ (the value of such bound is a function of a˜ and b˜). Finally, the analysis
on the plane (Λ˜, b˜) – Fig. 4 – indicates that variations of the Majorana masses have a small impact on the qualitative
behavior of the viable region for asymptotically free UV completion.
The second scenario for UV completion of the Yukawa sector, the interacting fixed point, is characterized by
D˜y/My3 < 0. In this case, the introduction of Majorana masses play a non-trivial role. In the case of vanishing
Majorana masses, the viable region for asymptotically free UV completion coincides with the regions for a viable
interacting (and UV repulsive fixed point), sinceMy3 > 0. By turning on small values of the Majorana masses (more
precisely, restricted by m˜RMm˜
L
M . 1/2) the situation does not change, since the sign of My3 remains positive. It
can be seen in Figs. 2, 3 and 4 by noticing that the green (dark) region coincide with the meshed regions whenever
m˜RMm˜
L
M . 1/2 is verified. If we increase the Majorana masses such that m˜
R
Mm˜
L
M & 1/2, then we find a remarkable
modification. In this case the viability regions associated with each one of the scenarios for UV completion discussed
here becomes complementary. In addition, the interacting fixed point turns out to be UV attractive, in contrast to
what happens in the absence of Majorana masses.
An important achievement of the asymptotic safety program for quantum gravity was the prediction of the Higgs-
boson mass around the measured value before the discovery of the Higgs boson [103, 104]. Such a result relies on the
existence of an approximated Gaussian UV repulsive fixed point for the quartic scalar coupling λ˜4. Beyond the Planck
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FIG. 5: Region plot showing the sign of My4 as a function of the Majorana masses. Regions I and III (orange/brighter)
correspond toMy4 < 0, while region II (green/darker) indicatesMy4 > 0.
scale quantum gravity dominates over the remaining interaction, therefore, in this regime the evolution of λ˜4 is driven
by running of the Newton coupling. The leading quantum gravity contribution to beta function associated with λ˜4
takes the form βgrav.λ4 = Dλ4G˜ λ˜4, where Dλ4 depends on the remaining gravitational parameters. For an approximated
Gaussian UV repulsive fixed point the condition Dλ4 > 0 is required at the fixed point. Several computations indicate
that such a condition can be realized for simple truncations of the effective average action [52–54, 60, 78, 105]. Below
the Planck scale, on the other hand, gravity fluctuations become irrelevant and the running of λ˜4 is driven by the
Yukawa coupling. The contribution coming from the Yukawa sector to βλ4 is required to be negative in order to avoid
instability of the quartic potential. In the framework of the SM coupled to gravity, if we set the Yukawa in accordance
with the observed top-quark mass, then, the RG flow drives λ˜4 to an IR value compatible with the observed Higgs
mass [85].
In the framework of our toy model, we can investigate the impact of Majorana masses in a predictive scenario for
the Higgs boson mass. In such a case, the beta function of the quartic coupling is given by
βλ4 = ( 2 ηφ +Dλ4G˜ ) λ˜4 +Mλ24 λ˜
2
4 +My4 y˜4D . (37)
As we have mentioned before, a predictive scenario for the Higgs mass is subject to two conditions: i) Dλ4 has to
be positive, which is necessary for a viable (approximated) Gaussian UV repulsive fixed point; ii) The contribution
coming from the Yukawa sector has to be negative in order to avoid instabilities in the quartic potential (at least in
a first approximation of the stability of the Higgs potential). The first condition is not affected by the inclusion of
the Majorana masses, since Dλ4 depends only on the gravitational couplings. The coefficient of the y˜4D term, on the
other hand, is a function of the Majorana masses and, as a consequence, the sign of such a contribution may change
by varying these parameters. Accordingly, within our truncation My4 is given by
My4 = −
1
8π2(1 +
(
m˜RM )
2
)3 (
1 + (m˜LM )
2
)3
[
1− 3
2
(m˜RM )
2 − 3
2
(m˜LM )
2 − 1
2
(m˜RM )
4 − 1
2
(m˜LM )
4+
− 2 m˜RMm˜LM
(
3 + (m˜RM )
2 + (m˜LM )
2
)
+
1
2
(m˜RMm˜
L
M )
2
(
4m˜RMm˜
L
M + 3(m˜
R
M )
2 + 3(m˜LM )
2
)]
. (38)
The sign of My4 is dictated by the contribution in the brackets, which is not positive definite. In Fig. 5, we plot the
sign ofMy4 as a function of the Majorana masses. For small values of the Majorana masses, the leading contribution
comes from the constant term in the brackets and, as a consequence, the sign of My4 remains negative (region I in
Fig. 5). As we increase the value of the Majorana masses, those contributions coming from O(m˜2M )- and O(m˜4M )-terms
dominates, flipping the sign ofMy4 (region II in Fig. 5). If we consider even larger values of the Majorana masses, the
O(m˜6M ) contribution becomes dominant, makingMy4 negative again (region III in Fig. 5). The O(m˜6M ) contribution
has the overall factor (m˜RMm˜
L
M )
2, therefore, for small values of one of the Majorana masses this contribution is
suppressed, even for large values of the other mass parameter.
Although our results are obtained from a simple toy model, we can extract some physical consequences that, in
principle, can be extrapolated for more realistic scenarios. Let us start by restricting ourselves to the framework of
our toy model. In this case, the viability for a predictive (toy-)Higgs boson mass can be restricted by the condition
My4 < 0. Such a condition restricts the space of allowed values for the Majorana masses which are compatible with
a viable predictive scenario. In particular, the green region (region II) in Fig. 5 could drive the quartic coupling to an
unstable regime.
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In a more realistic scenario we should include further fermionic degrees of freedom (and also gauge fields, which
are not relevant for this qualitative discussion). Let us assume that such additional fermions do not introduce new
Majorana masses, but include extra Yukawa-Higgs interactions. For the sake of simplicity let us consider only one
additional fermion associated with a (renormalized) Yukawa coupling denoted by y˜′. In this case, the beta function for
λ˜4 receives an addition contribution like − 18pi2 y˜′4. In such a case, the viability for a predictive Higgs mass is subject
to the following condition
− 1
8π2
y˜′
4
+My4 y˜4D < 0 . (39)
Numerically one can verify that −1 ≤ 8π2My4 . 0.45 for arbitrary value of the Majorana masses. Therefore, if
y˜′
4
& 0.45 y˜4D, the viability for a scenario with predictive Higgs mass is not affected by the introduction of a Majorana
mass sector. Let m2H be the (toy-)Higgs mass computed in the asymptotically safe quantum gravity framework
neglecting the contribution of the fermionic sector associated with the Majorana masses. If we include the sector
My4 y˜4D into the running of the quartic potential, the (toy-)Higgs mass receives an extra contribution δm2H . The sign
of δm2H is affected by the running of the Majorana masses. In particular, δm
2
H > 0 if the flow of m˜
R
M and m˜
L
M lies in
the regions I and III of Fig. 5 and, δm2H < 0 if the running of the Majorana masses lies in region II. The impact of the
Majorana masses in the (toy-)Higgs, which can be measured |δm2H |/(m2H + δm2H), is proportional to the ratio y˜D/y˜′.
IV. SUMMARY
In this paper we have studied, using FRG techniques, a quantum-gravity matter system including a simple Higgs-
Yukawa sector and Majorana masses for the fermions. We have derived the beta functions for the matter couplings
and discussed their basic structures. Assuming the asymptotic safety scenario for quantum gravity, i.e., the running
of the gravitational couplings flow towards a non-Gaussian fixed point in the UV, we investigated effects of graviton
fluctuations on the running of the matter couplings. Our main findings can be summarized as follows:
• Quantum gravity effects on the running of the Majorana masses:
– The fixed point characterized by m˜LM = m˜
R
M = 0 is simultaneously compatible with a non-trivial flow for
the Majorana masses and UV completion for the Yukawa coupling;
– The inclusion of quantum gravity effects on the running of the Majorana masses may induce an UV fixed
point with m˜RM 6= 0 and/or m˜LM 6= 0.
• Impact of Majorana masses on the running of Higgs-Yukawa couplings:
– Depending on the fixed point value for the Majorana masses, there are different possible scenarios for UV
completion of the Yukawa coupling. The most interesting one in view point of its predictability in the IR
regimes is the case where the Yukawa coupling constant has a non-trivial fixed point at which it becomes
irrelevant.
– The inclusion of Majorana masses can affect the sign of the coefficient of the y˜4D-term and, as consequence,
it may have effects on the prediction of the Higgs from asymptotically safe quantum gravity.
The system considered in this paper can be regarded as a toy model motivated by neutrino physics. An interesting
feature in a system with Majorana masses is the possibility of a mass hierarchy due to the so-called seesaw mechanism.
If we assume that the neutrino is the fermion with the Majorana mass, from the fact that a neutrino mass is of order
approximately 0.1 eV, one needs a huge hierarchy between the Dirac mass and the right-handed Majorana mass,
yDvh ≪ mRM , where vh = 246GeV is the electroweak vacuum. Note that in the framework of the Standard Model the
left-handed neutrino mass is forbidden since it has a SU(2)L×U(1)Y charge. The present analysis could be a first step
to understand the compatibility of neutrinos mass mechanism in the asymptotically safe gravity scenario. Our finding
is that for a certain value of the gravitational coupling constants and the Majorana masses, there exists regions where
the the Yukawa coupling constant has a non-trivial fixed point. This indicates that within this scenario, one could
identify the scale of the Majorana mass from the irrelevance of the Yukawa coupling and the observed neutrino mass.
Therefore, the possibility of future observations of the Majorana mass of neutrino could lead to consistency tests for
asymptotically safe gravity.
The Yukawa coupling between a scalar boson and a fermion gives corrections to the quartic scalar coupling constant.
Through the fermion loop, the Majorana masses affect the quartic coupling constant as we have seen in (37) and (38).
By associating the scalar boson and the fermion with the Higgs boson and a neutrino, respectively, the predicted value
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of the Higgs boson mass from the asymptotically safe gravity scenario could be modified due to the running of the
Majorana masses. It depends on the values of the Majorana masses and whether or not the neutrino loop makes the
non-trivial fixed point of the quartic coupling constant of the Higgs boson. The current prediction from asymptotically
safe quantum gravity for the Higgs boson mass is approximately 129GeV, by taking up to three-loop effects on the
RG equations into account within the SM [106]. For a certain value of the Majorana masses, the central value of a
predicted Higgs boson mass could be modified towards a smaller value. Consequently, by taking into account effects
of possible Majorana masses within the neutrino sector, the asymptotic safety scenario for quantum gravity might
predict the observed Higgs boson mass 125GeV.
In a future work, we will extend our analysis to a more realistic model in connection with neutrino physics. In this
sense, the idea is to perform a FRG analysis within an approximation compatible with Standard Model (including
Majorana masses) coupled to gravity. We will study the possibilities for UV completion on the neutrino sector
and investigate the compatibility of the seesaw mechanism with the asymptotic safety scenario for quantum gravity.
Depending on the structure of an UV fixed point obtained within a theory space including Majorana masses, it might
be possible to predict IR values of the neutrinos Yukawa couplings and/or Majorana masses as a function of the
gravitational couplings. Within this scenario, one could directly compare results from the asymptotically safe gravity
scenario with the current experimental data of neutrino physics. Together with the predictions for the Higgs and
top-quark masses and so on [84–88, 102], one can further test the consistency of the asymptotic safety scenario for
quantum gravity with the observed matter degrees of freedom of our universe.
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Appendix A: Spinor on curved spacetime
We summarize our conventions for the Dirac spinor and the Dirac gamma matrices to obtain the beta functions.
1. Dirac gamma matrix and Clifford algebra
The standard formulation of spinor in curved spacetime is given by the verbein e aµ such that a metric is defined by
gµν = e
a
µ e
b
ν ηab, where ηab = diag (1,−1,−1,−1) is the metric in flat spacetime. In this work, we use the spin-base
invariant formalism [107, 108] instead of the verbein formalism. Hereafter, following the literatures [109, 110] we
briefly summarize the spin-base invariant formalism. We start with demanding that the Clifford algebra for the Dirac
gamma matrices in curved spacetime is given by
{γµ, γν} = 2gµν14×4, (A1)
where 14×4 is the unity matrix in spinor space. We require the invariance of the action for fermions under the following
spin-base transformations with S ∈ SL(4,C): (i) γµ → SγµS−1; (ii) ψ → Sψ; (iii) ψ¯ → ψ¯S. Here, Dirac conjugation
for the Dirac spinor ψ is defined by
ψ¯ = ψ†h, (A2)
where h is a spin metric satisfying
|det h| = 1, h† = −h. (A3)
From the spin-base transformations (i)–(iii) and the definition (A2) we see that the spin metric is transformed under
the spin-base transformations as h → (S†)−1hS−1. In flat spacetime, one choose usually the representation h = γ0.
In general, however, the spin metric is not equal to γ0. Nevertheless, it is not necessary to specify the explicit
representation of h for the evaluation of the Hessian derived in the next section. The second property of the the spin
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metric in (A3) are derived from an assumption that the mass operator of fermion is real , i.e., (ψ¯ψ)∗ = ψ¯ψ. Using
this property, we see that
γµ
† = −hγµh−1. (A4)
We next define the chiral and charge conjugation operators using the Dirac gamma matrices. The chiral operator
is given by
γ5 = − i
4
ε˜µ1...µ4γ
µ1 · · · γµ4 , (A5)
where ε˜µ1...µ4 =
√−gεµ1...µ4 is the Levi-Civita tensor with ε4123 = 1. This matrix satisfies
{γµ, γ5} = 0, tr γ5 = 0. (A6)
The charge conjugation operator is defined by
C = iγ2γ0, (A7)
which satisfies
C2 = −1, C(γµ)TC−1 = −γµ. (A8)
We introduce the covariant derivative
Dµψ = ∂µψ + Γµψ, Dµψ¯ = ∂µψ¯ + ψ¯ Γµ, (A9)
where Γµ is the affine spin connection, whose spin-base transformations are give by
Γµ → SΓµS−1 − (∂µS)S−1. (A10)
Note that the covariant operator satisfies the following conditions: (i) linearity: Dµ(ψ1 + ψ2) = Dµψ1 +Dµψ2: (ii)
product rule: Dµ(ψψ¯) = (Dµψ)ψ¯ + ψ(Dµψ¯); (iii) metric compatibility: Dµψ¯ = Dµψ; (iv) covariance: Dµ(ψ¯γ
νψ) =
∇µ(ψ¯γνψ). When acting the covariant derivative on the Dirac gamma matrices and the spin metric, we have
Dµγ
ν = ∇µγν + [Γµ, γν ], Dµh = ∂µh− hΓµ − Γ†h = 0. (A11)
With the spin metric one can define the Dirac conjugate of a matrix M such that M¯ = h−1Mh, which im-
plies (ψ¯Mψ)∗ = ψ¯M¯ψ. The assumption that the kinetic term of fermion is real, namely, ∫ d4x√−g (ψ¯ /Dψ)∗ =∫
d4x
√−g ψ¯ /Dψ, yields
γ¯µ = −γµ, (A12)
and
[∆Γµ, γ
ν ] = 0, ∆Γ = Γµ − Γˆµ, (A13)
where Γˆµ is an auxiliary matrix introduced in order to define the following spacetime covariant derivative
D(LC)µγ
ν = ∂µγ
ν +
{
ν
µκ
}
γκ = −[Γˆµ, γν ], tr Γˆµ = 0, (A14)
with
{
ν
µκ
}
the affine connection. The conditions (A13) are obviously satisfied by identifying Γµ = Γˆµ. Indeed, as
discussed in [109], ∆Γµ is interpreted as the spin torsion such that
Dµψ = ∂µψ + Γˆµψ +∆Γµψ. (A15)
In this work, we do not consider the effect of the torsion, that is, we set ∆Γµ = 0.
Finally, we mention our convention the Wick transformation from Minkowski spacetime to Euclidean spacetime.
For a vector Vµ ∋ (xµ, Aµ, · · · ), we define
VE0 = iV0, VEi = Vi, (A16)
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where the subscript “E” denotes Euclidean, and i = 1, .., 4. The Dirac gamma matrices in Euclidean spacetime γEµ
are defined by
γE0 = γ
0, γEi = −iγi. (A17)
With this definition, the Clifford algebra in flat spacetime is given as
{γµE, γνE} = 2δµν14×4. (A18)
It should be noted that the important properties of the operators (A6) and (A8) are not changed under the Wick
transformation.
2. Variation
In order to calculate the Hessian for the fermion we need the formulae of the variations for the spinor field. Let us
use the local spin-based formalism with the Lorentz-symmetric gauge [109, 110].
We consider the variation of the Dirac matrices:
γµ(g¯ + h) = γ¯µ +
∂γµ(g)
∂gαβ
hαβ +
1
2
∂2γµ(g)
∂gαβ∂gρσ
hαβhρσ +O
(
h3
)
, (A19)
where γ¯µ = γµ(g¯). From the Weldon theorem [108], the second term on the right-hand side is
∂γµ(g)
∂gαβ
=
1
2
δαβµν γ
ν(g) + [Gαβ , γµ(g)], (A20)
with δαβµν =
1
2 (δ
α
µδ
β
ν + δ
α
ν δ
β
µ). Here, G
αβ is a traceless tensor. The Lorentz-symmetric gauge corresponds to a choice
Gαβ(g¯) = 0. In this gauge the variations of the Dirac matrix γµ(g) are evaluated as
δγµ =
1
2
γνhµν , δ
2γµ = −1
8
hλµhλνγ
ν , (A21)
In the same manner, using the property (A14) the variation of the affine spin connection is
Γˆµ(g¯ + h) = Γˆµ(g¯) + δΓˆµ +O
(
h3
)
= Γˆµ(g¯) +
1
8
[γα, γβ]∇¯βhαµ + 1
8
[γα, γβ]
(
− hρα∇¯βhµρ − hρβ∇¯ρhµα −
1
2
hρα∇¯µhρβ
)
+O(h3) , (A22)
Then we obtain that the variation of the covariant derivative Dµ so that
δDµ =
1
8
[γα, γβ]∇¯βhαµ, δ2Dµ = 1
8
[γα, γβ ]
(
− hρα∇¯βhµρ − hρβ∇¯ρhµα −
1
2
hρα∇¯µhρβ
)
. (A23)
In the Lorentz-symmetric gauge, from (A3), (A6) and (A8), one can show that h(g¯ + h) = h(g¯)+O(h3), γ5(g¯ + h) =
γ5(g¯) + O(h3) and C(g¯ + h) = C(g¯) + O(h3), respectively. Since the Hessians are of order of h2, the variations of
these operators do not contribute.
Appendix B: Hessians
In this appendix we list the Hessians computed from our truncation for the effective action given by (7) and (9).
Expanding Γk up to second order in the fluctuation fields (both for gravity and matter sectors), namely
Γk = δ
0Γk + δ
1Γk + δ
2Γk + · · · , (B1)
and, keeping only those terms quadratic in the fluctuations, we can write
δ2Γk =
∫
d4x
√
g¯
[
1
2
ΦT
(
Γ
(2)
k
)
BB
Φ+ΨT
(
Γ
(2)
k
)
FB
Φ+ ΦT
(
Γ
(2)
k
)
BF
Ψ+ΨT
(
Γ
(2)
k
)
FF
Ψ
]
, (B2)
17
where we defined the fluctuation fields,
Φ :=
(
h⊥µν ξµ σ h ϕ
)T
and Ψ :=
(
δψ δψ¯T
)T
. (B3)
Hereafter the background fields of the scalar boson and fermion are denoted by φ and ψ. The bosonic Hessian is
(
Γ
(2)
k
)
BB
=


Γ
(2)
k,TT 0 0
0 Γ
(2)
k,ξξ 0
0 0 Γ
(2)
k
∣∣
spin 0

 , (B4)
with
Γ
(2)
k
∣∣
spin 0
=


Γ
(2)
k,σσ Γ
(2)
k,σh Γ
(2)
k,σϕ
Γ
(2)
k,hσ Γ
(2)
k,hh Γ
(2)
k,hϕ
Γ
(2)
k,ϕσ Γ
(2)
k,ϕh Γ
(2)
k,ϕϕ

 . (B5)
For the gravitational sector, after expansion in terms of the metric fluctuation, we perform the field redefinition
hµν 7→ Z1/2h
√
32πGhµν in order to incorporate the wave function renormalization for the graviton. Such a multi-
plicative factor may be absorbed in the Hessians, resulting in the following explicit expressions4
(
Γ
(2)
k,TT
)µνρσ
= Zh
{[
1 + b ∆¯L2 − (2a+ b)R¯
](
∆¯L2 − R¯
2
)
+ E − 16πG IM
}
1
µνρσ , (B6a)
(
Γ
(2)
k,ξξ
)µν
= −2Zh
(
∆¯L1 − R¯
2
)[
E − 1
α
(
∆¯L1 − R¯
2
)
+ 16πG IM
]
g¯µν , (B6b)
Γ
(2)
k,σσ =
9Zh
8
[
P ∆¯L0
(
∆¯L0 − R¯
3
)
+Q ∆¯L0 − 2
3
E − 32πG
3
IM + 1
α
(
∆¯L0 − R¯
3
)](
∆¯L0 − R¯
3
)
∆¯L0, (B6c)
Γ
(2)
k,hσ = Γ
(2)
k,σh =
3Zh
8
[
3P
(
∆¯L0 − R¯
3
)
+Q+
β
α
]
∆¯L0
(
∆¯L0 − R¯
3
)
, (B6d)
Γ
(2)
k,hh =
9Zh
8
[
P
(
∆¯L0 − R¯
3
)2
+Q
(
∆¯L0 − R¯
3
)
+
2
9
E +
32πG
9
IM + β
2
9α
∆¯L0
]
, (B6e)
where we have defined
IM = 1
2
(
mRM ψ¯
cPRψ +m
L
M ψ¯
cPLψ + h.c.
)
+ yDφψ¯ψ + V (φ
2), (B7)
and we used the identity 1µνρσ = (g¯µρg¯νσ + g¯µσg¯νρ)/2. Also, we used the shorthand notations,
P = 2a+
2
3
b , Q = −1
3
+
6a+ 2a
9
R¯ , E = 2Λ− 1
2
R¯ . (B8)
We also have used the following Lichnerowicz Laplacians,
∆¯L0S = −¯S , (B9a)
∆¯L1ξµ = −¯ξµ + R¯ αµ ξα , (B9b)
4 These expressions were computed for a maximally symmetric background metric g¯µν . In addition, the background matter field are
considered to be constant (with respect to the background derivative ∇¯µ).
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∆¯L2hµν = −¯hµν + R¯ αµ hαν + R¯ αν hµα − R¯µανσhαβ − R¯µανβhβα . (B9c)
Hereafter, the prime on V denotes the derivative with respect to φ2. The Hessians for the terms with the scalar field
φ are
Γ
(2)
k,ϕϕ = Zφ∆¯L0 + 2V
′(φ2) + 4φ2V ′′(φ2) , (B10a)
Γ
(2)
k,σϕ = Γ
(2)
k,ϕσ = 0 , (B10b)
Γ
(2)
k,hϕ = Γ
(2)
k,ϕh = Z
1/2
h
√
8πG
(
yDψ¯ψ + 2φV
′(φ2)
)
. (B10c)
Note here that for β = 0, the dependence of Γ
(hσ)
k and Γ
(hh)
k on α disappears. Thanks to this, the mixing between σ
and h does not contribute to the flow equation for α → 0 and then the Hessian for the spin-0 scalar modes can be
treated as a block diagonal form such that
Γ
(2)
k
∣∣
spin 0
=

Γ(2)k,σσ 0
0 Γ
(2)
k,SS

 , (B11)
with the 2× 2 matrix for the (h, ϕ) part given by
Γ
(2)
k,SS =


9Zh
8
[
P
(
∆¯L0 − R¯
3
)2
+Q
(
∆¯L0 − R¯
3
)
+
2
9
E +
32πG
9
IM
]
Z
1/2
h
√
8πG
(
yDψ¯ψ + 2φV
′(φ2)
)
Z
1/2
h
√
8πG
(
yDψ¯ψ + 2φV
′(φ2)
)
Zφ ∆¯L0 + 2V
′(φ2) + 4φ2V ′′(φ2)

 , (B12)
and the (σσ) component
Γ
(2)
k,σσ =
9Zh
8α
(
∆¯L0 − R¯
3
)2
∆¯L0 . (B13)
For α→ 0 the Hessian of the transverse vector mode (B6b)
(
Γ
(2)
k,ξξ
)µν
=
2Zh
α
(
∆¯L1 − R¯
2
)2
g¯µν =
2Zh
α
(
−¯− R¯
4
)2
g¯µν . (B14)
Obviously, the ξµ and σ modes depend on neither gravitational couplings nor the matter term IM , so that their loop
effects do not contributie to the beta fucntions of the Yukawa coupling and the Majorana masses.
The Hessians for the ghost fields are also given as gravitational-coupling- and matter-independent forms:
(
Γ
(2)
k,C¯TCT
)µν
=
(
−¯− R¯
4
)
g¯µν , (B15a)
(
Γ
(2)
k,C¯C
)
=
3− β
2
(
−¯− R¯
3− β
)
(−¯). (B15b)
We show the Hessian with the fermion fields. By using (A21) and (A23) we obtain the two-point function
(
Γ
(2)
k
)
FF
=

C(mRMPR +mLMPL) (Zψ /¯D)T − yDφ
Zψ /¯D + yDφ (m
R
MPL +m
L
MPR)C

 . (B16)
The fermion propagator is, then
(
Γ
(2)
k
)−1
FF
=
(
Ξ2 G1
G2 Ξ1
)
, (B17)
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where
G1 =
AR (−Zψ /¯D) + yDφB
ALAR (−Z2ψ /¯D2) + y2Dφ2 B2
PR + (R↔ L)PL , (B18a)
Ξ1 = C
−Zψ /¯D − yDφ
−Z2ψ /¯D2 + y2Dφ2
[
mLMAR (−Zψ /¯D) +mRMyDφB
ALAR (−Z2ψ /¯D2) + y2Dφ2 B2
PR + (R↔ L)PL
]
, (B18b)
G2 = −(γ5G1γ5)T and Ξ2 = −(γ5Ξ1γ5)T , (B18c)
with AR,L and B being defined as
AR,L = 1 + (m
R,L
M )
2
−Z2ψ /¯D2 + y2Dφ2
and B = 1− m
R
Mm
L
M
−Z2ψ /¯D2 + y2Dφ2
. (B19)
Using (A21) and (A23), the mixing parts are computed as
(
Γ
(2)
k
)
BF
= Z
1/2
h
√
32πG×


0 0
−Zψ
4
(
−¯− R¯
4
)
(ψ¯γµ) −Zψ
4
(
−¯− R¯
4
)
(γµψ)T
3Zψ
16
(
−¯− R¯
3
)
(∇¯µψ¯γµ) 3Zψ
16
(
−¯− R¯
3
)
(γµ∇¯µψ)T
3Zψ
16
(∇¯µψ¯γµ) + 1
2
ψT∆C +
yD
2
φψ¯
3Zψ
16
(γµ∇¯µψ)T + 1
2
ψ¯∆˜C − yD
2
φψT
yDψ¯ −yDψT


, (B20a)
(
Γ
(2)
k
)
FB
= −
[(
Γ
(2)
k
)
BF
]T ∣∣∣∣
∇¯µ 7→−∇¯µ
, (B20b)
where ∆C = C(m
R
MPR + m
L
MPL) and ∆˜C = (m
R
MPL + m
L
MPR)C. Note that since the gamma matrices in the
projection operators and the CP transformation are given as ones in the local Lorentz spacetime, their variations
vanish.
We employ the Litim-type cutoff function [100] by means of the following regulator
Rk =
(
R
BB
k (z) 0
0 RFFk (z)
)
. (B21)
We used the Type-I and II cutoff functions, respectively, for the bosonic and fermionic propagators. For the bosonic
cutoff we can express
R
BB
k (z) =
(
Γ
(2)
k,BB
(
k2
)− Γ(2)k,BB(z)) θ(k2 − z) , with z = −¯, (B22)
while the fermionic one is given by
R
FF
k (z) =
(
0 Zψ /¯D
T
rk
(
z/k2
)
Zψ /¯Drk
(
z/k2
)
0
)
, with z = − /¯D2 = −¯+ R¯/4, (B23)
where the shape function is given by
rk
(
z/k2
)
=
√
1 + (k2/z − 1)θ(k2/z − 1)− 1. (B24)
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Appendix C: Structure of flow equation
The Wetterich equation for a system composed by bosons and fermions can be written in the following way
∂tΓk =
1
2
Tr
{[
(Γ
(2)
k +Rk)
−1
]
BB
∂tR
BB
k
}
− 1
2
Tr
{[
(Γ
(2)
k +Rk)
−1
]
ΨΨ
∂tR
ΨΨ
k
}
. (C1)
Exploring the block-diagonal structure of the cut-off function (i.e., there is no contribution like RBΨk or R
BΨ
k ), we can
expand the traces as follows
1
2
Tr
{[
(Γ
(2)
k +Rk)
−1
]
BB
∂tR
BB
k
}
=
1
2
Tr
[
GBB ∂tR
BB
k
]
+
1
2
Tr
[
Γ
(2)
BΨGΨΨ Γ
(2)
ΨBGBB ∂tR
BB
k GBB
]
+ · · · , (C2a)
1
2
Tr
{[
(Γ
(2)
k +Rk)
−1
]
ΨΨ
∂tR
ΨΨ
k
}
=
1
2
Tr
[
GΨΨ ∂tR
ΨΨ
k
]
+
1
2
Tr
[
Γ
(2)
ΨBGBB Γ
(2)
BΨGΨΨ ∂tR
ΨΨ
k GΨΨ
]
+ · · · , (C2b)
where we have defined GBB = (Γ
(2)
k,BB +R
BB
k )
−1 and GΨΨ = (Γ
(2)
ΨΨ +R
ΨΨ
k )
−1. It is important to emphasize that the
first two terms of these expansion are sufficient for the purposes of this paper, therefore, we can truncate expansion
without any loss. After York decomposition, the first trace in the bosonic sector can be expressed as5
1
2
Tr
[
GBB ∂tR
BB
k
]
=
1
2
Tr (2TT)
[
GTT ∂tR
TT
k
]
+
1
2
Tr ′(1T)
[
Gξξ ∂tR
ξξ
k
]
+
1
2
Tr ′′(0)
[
Gspin-0 ∂tR
spin-0
k
]
+
+
1
2
1∑
j=0
[
GSS(λj) ∂tR
SS
k (λj)
]
− Tr (1T)
[
GC¯TCT ∂tR
C¯TCT
k
]
− Tr ′(0)
[
GC¯LCL ∂tR
C¯LCL
k
]
+
− 1
2
Tr ′(1T)
[
∂tPk
Pk − R¯/4
]
− 1
2
Tr ′′(0)
[
∂tPk
(
2Pk − R¯/3
)
Pk
(
Pk − R¯/3
)
]
+Tr ′(0)
[
∂tPk
Pk
]
, (C3)
where Gij =
[
( Γ
(2)
k +Rk )
−1
]
ij
for every pair (i, j). It is convenient to define a short notation
1
2
Tr
[
GBB ∂tR
BB
k
]
= T(2TT) + T(1T) + T(0) , (C4)
where T(s) is defined by the sum of all contributions with spin-s. As discussed in the previous section, a remarkable
simplification is achieved by the gauge choice α→ 0 and β = 0. In this case, the contributions coming from the spin-1
and spin-0 can be summarized in the following expressions
T(1T ) = −
1
2
Tr ′(1T)
[
∂tPk
Pk − R¯/4
]
+
ηh
2
Tr ′(1T)
[(
Pk − R¯/4
)2 − (−¯− R¯/4)2(
Pk − R¯/4
)2
]
− ∂tPk(λ1)
Pk(λ1)− R¯/4
:= ∆T(1), (C5)
and
T(0) =
1
2
Tr (0)
[
GSS ∂tR
SS
k
]
+∆T(0), (C6)
where
∆T(0) := −
1
2
Tr ′′(0)
[
∂tPk
Pk − R¯/3
]
+
ηh
2
Tr ′′(0)
[(
Pk − R¯/3
)2
Pk −
(−¯− R¯/3)2 (−¯)(
Pk − R¯/3
)2
Pk
]
− ∂tPk(λ1)
Pk(λ1)− R¯/3
. (C7)
Note that SS denotes ϕ and h.
The aforementioned choice for the gauge parameter also simplifies those contributions to the trace involving
fermions-boson mixing. In fact, it is not difficult to conclude that, in this case, the contribution coming from the
5 Note that we are including the Faddeev-Popov ghosts field as part of the bosonic multiplet, despite of its anti-commuting nature.
Moreover, the Jacobian contribution was also include in the bosonic trace.
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bosonic sector are those associated with the spin-0 fields h and ϕ (i.e., from the sub-sector Γ
(2)
SS ). Therefore, the mixed
contributions to the flow equation can be cast in the following way
Tmixed := 1
2
Tr
[
Γ
(2)
BΨGΨΨ Γ
(2)
ΨBGBB ∂tR
BB
k GBB
]
− 1
2
Tr
[
Γ
(2)
ΨBGBB Γ
(2)
BΨGΨΨ ∂tR
ΨΨ
k GΨΨ
]
=
1
2
Tr
[
Γ
(2)
SΨGΨΨ Γ
(2)
ΨSGSS ∂tR
SS
k GSS
]
− 1
2
Tr
[
Γ
(2)
ΨSGSS Γ
(2)
SΨGΨΨ ∂tR
ΨΨ
k GΨΨ
]
. (C8)
For the pure fermionic trace we denote
T(1/2) = −
1
2
Tr
[
GΨΨ ∂tR
ΨΨ
k
]
. (C9)
Putting all pieces together, we can rewrite the flow equation in the compact form
∂tΓk = T(2TT) + T(1T) + T(0) + T(1/2) + Tmixed. (C10)
Appendix D: Beta functions
We list the explicit forms of the beta functions in four dimensional spacetime. To this end, we define a threshold
functions:
InT ,ng ;nL,nR;ns=
(
1− 2Λ + b˜
)−nT (
3− 4Λ˜− 18a˜− 6b˜
)−ng(
1+(m˜LM )
2
)−nL(
1+(m˜RM )
2
)−nR(
1+2λ˜2
)−ns
. (D1)
We define the graviton anomalous dimensions as ηh = −Z−1h ∂tZh. It is also useful to define
ηf = ηh − ∂t(1− 9a˜− 3b˜)
1− 9a˜− 3b˜ and ηg = ηh −
∂t(5− 48a˜− 16b˜)
5− 48a˜− 16b˜ . (D2)
Before performing the explicit evaluation of the beta functions, we analytically investigate their structure in order to
gain some insights at particular limits. We start by looking at the structure of the spin 2 and 0 graviton propagators6,
namely
1
1− 2Λ˜ + b˜ ,
1
3− 4Λ˜− 18a˜− 6b˜ . (D3)
Around the poles of these propagators the graviton fluctuations become strong. When the fixed point value lies near
the poles, the critical exponent tends to be large. However, such a case is not acceptable as a reliable result since
before one is dealing with very stable and convergent truncations, the fixed point values and thus the proximity to
the propagator poles is truncation-dependent. This prevents robust conclusions due to the artificial enhancement of
gravitational fluctuations.
The dimensionless beta function of the left-handed Majorana mass is
βmL
M
=− (1− ηψ)m˜LM +
{
(i) + (ii) +
[
(iii) + (iv)
]
+
[
(v) + (vi) + (vii)
]
+
[
(viii) + (ix)
]
+
[
(x) + (xi)
]}
, (D4)
where
(i) =
5m˜LMG˜
4π
(
1− ηh
6
)(
2 + 3b˜
)
I2,0;0,0;0 , (D5a)
(ii) =
3m˜LMG˜
π
(
1− ηf
6
)(
1− 9a˜− 3b˜
)
I0,2;0,0;0 , (D5b)
(iii) + (iv) =
y˜2Dm˜
R
M
16π2
[(
1− ηψ
5
)
I0,0;2,0;1 +
(
1− ηφ
6
)(
I0,0;1,0;2
)]
, (D5c)
6 These expressions are obtained by expanding the full two-point function
(
Γ
(2)
k
)−1
in powers of R¯ and retaining the R¯-independent part.
22
(i) (ii) (iii)
(iv) (v) (vi)
(vii) (viii) (ix)
(x) (xi)
FIG. 6: Diagrams contributing to the left-handed Majorana mass in the Landau gauge (α → 0) with β = 0. The single-solid
and broken lines exhibit fermion and scalar-boson (φ), respectively, while the double-solid and broken lines are spin 2 (hTTµν ) and
spin 0 (h = g¯µνh
µν) gravitons, respectively. The cross in circle denotes the cutoff insertion into the propagators, i.e. ⊗ = ∂tRk.
The The cross and black-point stand for the Majorana masses and the Yukawa coupling, respectively.
(v) + (vi) + (vii) = −6m˜
L
MG˜
5π
[ (
1− (mLM )2
) (
1− ηψ
6
)
I0,1;2,0;0
+
6
9
{
4
(
1− ηf
7
)(
1− 9a˜− 3b˜
)
+
(
1− ηg
7
)(
5− 48a˜− 16b˜
)}
I0,2;1,0;0
]
, (D5d)
(viii) + (ix) =
3m˜LMG˜
8π
[(
1− ηψ
7
)
I0,1;2,0;0 + 6
10
(
1− ηg
8
)(
5− 48a˜− 16b˜
)
I0,2;1,0;0
]
, (D5e)
(x) + (xi) = −4(m˜
L
M )
3G˜
π
[(
1− ηψ
5
)
I0,1;2,0;0 + 3
(
1− ηf
6
)(
1− 9a˜− 3b˜
)
I0,2;1,0;0
]
. (D5f)
Each contribution to the left-handed Majorana mass corresponds to the diagrams shown in Fig. 6. The right-handed
one is obtained by the replacing m˜LM ↔ m˜RM .
The dimensionless beta function of the Yukawa coupling constant is
βy =
(ηφ
2
+ ηψ
)
y˜D +
{
(I) + · · ·+ [(XXV) + (XXVI) + (XXVII)]}, (D6)
where
(I) =
5y˜DG˜
4π
(
1− ηh
6
)(
2 + 3b˜
)
I2,0;0,0;0 , (D7a)
(II) =
3y˜DG˜
π
(
1− ηf
6
)(
1− 9a˜− 3b˜
)
I0,2;0,0;0 , (D7b)
(III) + (IV) = −8y˜Dλ˜2G˜
π
[(
1− ηφ
6
)
I0,1;0,0;2 + 3
(
1− ηf
6
)(
1− 9a˜− 3b˜
)
I0,2;0,0;1
]
, (D7c)
(V) + (VI) + (VII) =
y˜3D
16π2
[(
1− ηψ
5
)(
1− m˜RMm˜LM
{
2 + (m˜RM )
2 + (m˜LM )
2 + m˜RMm˜
L
M
})
I0,0;2,2;1+
+
(
1− ηφ
6
)
(1− m˜LMm˜RM )I0,0;1,1;2
]
, (D7d)
(VIII) + (IX) + (X) =
3y˜DG˜
8π
[(
1− ηψ
7
)(
1− m˜RMm˜LM
{
2 + (m˜RM )
2 + (m˜LM )
2 + m˜RMm˜
L
M
})
I0,1;2,2;0+
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+
3
5
(
1− ηg
8
)(
5− 48a˜− 16b˜
)
(1− m˜LMm˜RM )I0,2;1,1;0
]
, (D7e)
(XI) + (XII) + (XIII) = −3y˜DG˜
5π
[(
1− ηψ
6
)( (
1− (m˜LM )2
)I0,1;2,0;0 + (1− (m˜RM )2) I0,1;0,2;0)+
+
2
3
{
4
(
1− ηf
7
)(
1− 9a˜− 3b˜
)
+
(
1− ηg
7
)(
5− 48a˜− 16b˜
)}
I0,2;1,0;0+
+
2
3
{
4
(
1− ηf
7
)(
1− 9a˜− 3b˜
)
+
(
1− ηg
7
)(
5− 48a˜− 16b˜
)}
I0,2;0,1;0
]
, (D7f)
(XIV) + (XV) = −4y˜DG˜
π
[(
1− ηψ
5
)(
(m˜LM )
2I0,1;2,0;0 + (m˜RM )2I0,1;0,2;0
)
+
+ 3
(
1− ηf
6
)(
1− 9a˜− 3b˜
)(
(m˜LM )
2I0,2;1,0;0 + (m˜RM )2I0,2;0,1;0
)]
, (D7g)
(XVI) + (XVII) =
3y˜D
(
m˜LM + m˜
R
M
)2
G˜
5π
[(
1− ηψ
6
)(
3 + (m˜LM )
2 + (m˜RM )
2 − (m˜LM )2(m˜RM )2
)
I0,1;2,2;0+
+
2
3
{
4
(
1− ηf
7
)(
1− 9a˜− 3b˜
)
+
(
1− ηg
7
)(
5− 48a˜− 16b˜
)}
I0,2;1,1;0
]
, (D7h)
(XVIII) + (XIX) + (XX) = −4y˜Dm˜
R
Mm˜
L
M G˜
π
[
3
(
1− ηf
6
)(
1− 18a˜− 6b˜
)
(1− m˜LMm˜RM )I0,2;1,1;0+
+
(
1− ηψ
5
)(
1− m˜RMm˜LM
{
2 + (m˜RM )
2 + (m˜LM )
2 + m˜RMm˜
L
M
})
I0,1;2,2;0
]
, (D7i)
(XXI) + · · ·+ (XXIV) = −6y˜Dλ˜2G˜
5π
[(
1− ηψ
6
)( (
1− (m˜LM )2
) I0,1;2,0;1 + (1− (m˜RM )2) I0,1;0,2;1)+
+
2
3
{
4
(
1− ηf
7
)(
1− 9a˜− 3b˜
)
+
(
1− ηg
7
)(
5− 48a˜− 16b˜
)}
I0,2;1,0;1+
+
2
3
{
4
(
1− ηf
7
)(
1− 9a˜− 3b˜
)
+
(
1− ηg
7
)(
5− 48a˜− 16b˜
)}
I0,2;0,1;1+
+ 2
(
1− ηφ
7
)(
I0,1;1,0;2 + I0,1;0,1;2
)]
, (D7j)
(XXV) + (XXVI) + (XXVII) =
8y˜Dλ˜2G˜
π
[(
1− ηψ
5
)(
(m˜LM )
2I0,1;2,0;1 + (m˜RM )2I0,1;0,2;1
)
+
+ 3
(
1− ηf
6
)(
1− 9a˜− 3b˜
)(
(m˜LM )
2I0,2;1,0;1 + (m˜RM )2I0,2;0,1;1
)
+
+
(
1− ηφ
6
)(
(m˜LM )
2I0,1;1,0;2 + (m˜RM )2I0,1;0,1;2
)]
. (D7k)
The diagrams of these contributions are shown in Fig. 7.
For the discussion presented section III B we need the contribution of Majorana masses to running of the scalar
potential V (φ2). Such a contribution comes exclusively from the fermionic loop corresponding to T(1/2). Keeping only
terms up to order O(R¯) we find
T(1/2) =−
k4
16π2
(
1− ηψ
5
)∫
d4x
√
g¯
(
1 +
(m˜RM )
2
1+y˜2
D
φ˜2/k2
)
+
(
1 +
(m˜LM )
2
1+y˜2
D
φ˜2/k2
)
(
1 +
(m˜R
M
)2
1+y˜2
D
φ˜2/k2
)(
1 +
(m˜L
M
)2
1+y˜2
D
φ˜2/k2
)
+
(
1− m˜RMm˜LM
1+y˜2
D
φ˜2/k2
)2
y˜2Dφ˜
2/k2
+
+
k2
96π2
(
1− ηψ
3
)∫
d4x
√
g¯
[
1
1 + (m˜RM )
2
+
1
1 + (m˜LM )
2
]
R¯ +O(R¯2) . (D8)
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FIG. 7: Diagrams contributing to the Yukawa coupling constant in the Landau gauge (α→ 0) with β = 0. The single-solid and
broken lines exhibit fermion and scalar-boson (φ), respectively, while the double-solid and broken lines are spin 2 (hTTµν ) and
spin 0 (h = g¯µνh
µν) gravitons, respectively. The cross in circle denotes the cutoff insertion into the propagators, i.e. ⊗ = ∂tRk.
The cross and black-point stand for the Majorana mass and the Yukawa coupling, respectively.
We kept the contribution proportional to R¯ since this it contributes to the running of the Newton coupling, which
we used in order to compute the fixed points in the appendix E. The dots denote corrections to higher dimensional
operators which are truncated in the present analysis such as R2, F (φ)R and F (φ)R2. Contributions to the scalar
potential coming from graviton and scalar loops was evaluated in e.g. [53, 60].
Appendix E: Fixed point analysis
In this section we present the fixed point structure obtained from our truncation. The idea is to establish a
benchmark analysis and investigate the possibility of non-trivial fixed points for the Majorana masses. In this sense,
we restrict ourselves to the Einstein-Hilbert truncation for the gravitational sector. Further investigations are necessary
in order to check the stability of our results by enlarging our truncation. The results presented in this section were
obtained for a maximally symmetric background. In such a case we have
R¯µναβ =
1
12
(g¯µαg¯νβ − g¯µβ g¯να)R¯, R¯µν = 1
4
g¯µνR¯. (E1)
For the scalar potential we consider the φ4-truncation
V˜ (φ˜2) = k2 λ˜2 φ˜
2 + λ˜4 φ˜
4. (E2)
In the present analysis we neglect any contributions coming from anomalous dimensions. In addition, the contribution
of matter fluctuations on the running of the gravitational couplings was only considered by coming from the kinetic
terms of the matter fields. These can be faced as additional approximations in our calculation and should be improved
in future investigations.
Within this framework we found three classes of fixed points. Table I shows the numerical results for the fixed points,
while in table II we report the corresponding critical exponents. The first class correspond to the case of Gaussian
matter. In fact, inspecting the beta functions corresponding to matter couplings it is not difficult to conclude that
the subsystem fixed point equations is satisfied by Gaussian matter couplings, irrespective of the choice for the
gravitational couplings. In this case, it is still necessary to investigate the back-reaction of Gaussian matter fields on
the gravitational sector. Some systematic analysis in this direction has been done for Einstein-Hilbert truncation [57]
and f(R)-truncation [74]. In addition to the usual 2-relevant directions present in the Einstein-Hilbert truncation,
there is an additional relevant direction associated with the coupling λ˜2.
The second class is characterized by one of the Majorana masses being interacting at the fixed point, while the
remaining matter couplings vanish. Following the same reasoning discussed in the first class of fixed points, taking
25
into account the subsystem of beta functions associated with the matter coupling, but one of the Majorana masses,
it is not difficult to see that this sub-sector admits a Gaussian solution, irrespective of the fixed point values for the
gravitational couplings and the other Majorana mass. Moreover, a fixed point configuration where only one of the
Majorana masses is interacting, the Yukawa coupling is necessarily Gaussian7. In comparison with the first class, we
can observe the appearance of an additional relevant direction which can be associated with the interacting Majorana
mass.
Finally, the third class of fixed points is characterized by interacting Majorana masses. Moreover, for the remaining
matter couplings (Yukawa and scalar potential sectors) we found the usual Gaussian solution, which can be verified
irrespective of the fixed point values for the gravitational couplings and the Majorana masses. In this case, both
left- and right-handed masses exhibit the same values at the fixed point, which is consistent with the symmetry
Left ↔ Right present in our flow equation. In principle, it would also be possible to find fixed points with m˜LM 6= m˜RM ,
provided they come in pairs in order to preserve the aforementioned discrete symmetry. However, in our numerical
analysis we found only fixed points candidates with equal left- and right-handed masses. As one can see, in comparison
with the first class of fixed points, the present case has two additional relevant directions which can associated with
the Majorana masses.
Λ˜ G˜ m˜R,(L) m˜L,(R)
1st.class −0.146252 3.20363 0 0
2nd.class −0.146252 3.20363 0.257486 0
3rd.class −0.146252 3.20363 0.257486 0.257486
TABLE I: Fixed point structure obtained within our truncation. Those couplings which are not listed in this table vanish at
the fixed point.
θ1 θ2 θ3 θ4 θ5 θ6 θ7
1st.class 2.92164 0.728222 0.235922 −1.76408 −1.0474 −0.047397 −0.047397
2nd.class 2.92164 0.728222 0.235922 0.0848264 −1.76408 −1.0 −0.047397
3rd.class 2.92164 0.728222 0.235922 0.0848264 0.0848264 −1.76408 −0.915174
TABLE II: Critical exponents corresponding to the three classes of fixed point exhibited in table I.
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